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A B S T R A C T
In this work, diﬀerent loads (3, 5 and 7 wt%) of pine cone cellulose nanocrystals (CNCs) were added to ﬁlms of
poly(3-hydroxybutyrate)/poly(ε-caprolactone) (PHB/PCL) blends with a composition of 75wt% PHB and 25wt
% PCL (PHB75/PCL25). The ﬁlms were obtained after solvent casting followed by melt compounding in an
extruder and ﬁnally subjected to a thermocompression process. The inﬂuence of diﬀerent CNCs loadings on the
mechanical, thermal, optical, wettability and disintegration in controlled compost properties of the PHB75/PCL25
blend was discussed. Field emission scanning electron microscopy (FESEM) revealed the best dispersion of CNCs
on the polymeric matrix was at a load of 3 wt%. Over this loading, CNCs aggregates were formed enhancing the
ﬁlms fragilization due to stress concentration phenomena. However, the addition of CNCs improved the optical
properties of the PHB75/PCL25 ﬁlms by increasing their transparency and accelerated the ﬁlm disintegration in
controlled soil conditions. In general, the blend with 3 wt% CNCs oﬀers the best balanced properties in terms of
mechanical, thermal, optical and wettability.
1. Introduction
The recent increase in the social concern about environmental issues
together with the increasing price of fossil fuels due to petroleum de-
pletion [1], has given a rise in the development of new environmentally
friendly materials as it is the case of biodegradable polymers. Biode-
gradable polymers challenges are related to their relatively poor me-
chanical and thermal properties compared to petroleum-based com-
modities and engineering plastics, restricting their wide use in
industrial application [2]. The reinforcement of biodegradable poly-
mers with nanoparticles has recently been proposed as a strategy to
overcome some of the above-mentioned drawbacks. Speciﬁcally, bio-
based nanoscale particles have been used to reinforce thermoplastic
biodegradable polymers, such as poly(lactic acid) (PLA) [3–5], poly
(hydroxybutyrate) (PHB) [6], poly(ε-caprolactone) (PCL) [7,8] and
poly(butylene adipate-co-terephthalate) (PBAT) [9]. The improved
thermo-mechanical performance of these nanoscale-reinforced polymer
composites, together with their potential biodegradation, could lead
these new materials to compete with many traditional petroleum-based
polymers, such as polypropylene (PP), polyethylene or polyethylene
terephthalate (PET) [10,11].
Cellulose nanocrystals (CNCs) from residual biomass (food, agri-
culture and forest) may be deﬁned as one of the most promising re-
inforcing agents in terms of biodegradability, renewability, abundance
in nature, variety and price [12,13]. These highly crystalline cellulose
particles are obtained from lignocellulosic ﬁbres generally through two
main steps: ﬁrst, an alkaline and bleaching treatment to isolate the
cellulose ﬁbres from the raw material and second, a hydrolytic treat-
ment with acid which allows the selective removal of the amorphous
cellulosic phase remaining the crystalline phase almost unaltered
[14–16]. The physico-chemical properties of CNCs can vary widely,
depending on the source of the cellulosic raw material and the condi-
tions selected to perform the hydrolysis [17,18]. In previous studies,
pine cones ﬁbres were selected as raw materials to produce CNCs and
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the inﬂuence of the hydrolytic time on their properties and the pro-
cessing yield was evaluated [D. García-García, R. Balart, J. Lopez-
Martinez, M. Ek, R. Moriana, Optimizing the yield and physico-che-
mical properties of pine cone cellulose nanocrystals by diﬀerent hy-
drolysis time, Cellulose, 2018]. Furthermore, the potential of using the
pine cone CNCs as reinforcement in composites was discussed in terms
of aspect ratio, crystallinity and thermal stability. It is known that the
inﬂuence of the matrix-reinforcement interface and compatibility is of
foremost importance for the resulting performance of the composite
materials. Therefore, in this study, we propose to evaluate the re-
inforcing capability of the pine cone CNCs in a biodegradable ther-
moplastic blend composed of 75% poly(3-hydroxybutyrate) and 25%
poly(ε-caprolactone) (PHB75/PCL25). The overall eﬀect of CNCs as re-
inforcement in thermoplastic composites highly depends on the per-
centage of loading nanoparticles and the particle dispersion in the
polymer matrix [19]. The main challenge to overcome to design CNCs
based composites is related to the poor dispersion of these nanoparticles
in hydrophobic polymers due to their high hydrophilic nature [20,21].
Chemical modiﬁcation of the CNCs or the use of surfactants during the
compounding step are the most used approaches to enhance the dis-
persion of CNCs on the polymeric matrix, avoiding the formation of
aggregates [22,23]. However, Wang et al. [24] shown how the chemical
modiﬁcation of CNCs could disrupt their crystalline structure with the
subsequent decrease in rigidity. Another important challenge in using
CNCs in thermoplastic composites is their low thermal stability which
could potentially be compromised during polymer processing, thus
leading to partial CNCs degradation [25].
PHB75/PCL25 is a promising biodegradable blend of diﬀerent ther-
moplastic polyesters that oﬀers better thermal, impact resistance and
elongation properties than the neat PHB, due to the high ductility (high
elongation at break values together with low modulus which leads to a
rubber-like behavior) that PCL can provide to this blend. However,
PHB75/PCL25 shows low miscibility resulting in a phase separation
when melt-blended occurs [26], where ﬁnely dispersed PCL droplets
positively contribute to improve toughness in a similar way as poly-
butadiene rubber has on toughened styrene-derived polymers such as
poly(styrene-co-acrylonitrile) + polybutadiene rubber (ABS) [27].
Despite this, the lack of compatibility between the polymers aﬀects the
mechanical properties of the blend, because they are directly related to
the ability of its components to transfer stresses [28]. In addition, it is
expected that the higher diﬃculty of degradation of the PCL decreases
the biodegradation rate of the blend with respect to the neat PHB [29].
Several studies have corroborated that cellulose nanoparticles could
potentially act as compatibilizers between immiscible polymers
through their preferential location among the polymeric interfaces,
reducing interface tension which prevents from coalescence of the
dispersed phase [30], all this, having a positive eﬀect on the overall
properties of composite blends. In this sense, Arrieta et al. [31,32]
observed an improvement on interface adhesion between PLA and PHB
extruded blends (75/25 wt%) by the addition of 5 wt% of CNCs. The
incorporation of CNCs on this PLA/PHB blends enhanced the biode-
gradation rate, with respect to the unreinforced PLA/PHB blend. The
present work aims to study the reinforcing capability of diﬀerent pine
cone CNC loads (3, 5 and 7wt%), on the performance and disintegra-
tion rate of the biodegradable thermoplastic PHB75/PCL25 blend. The
inﬂuence of diﬀerent CNCs loadings on the mechanical, thermal, mor-
phological, optical and wettability of the PHB75/PCL25 blend were
studied. The eﬀect of the CNCs on the disintegration rate of the PHB75/
PCL25 blend has also been compared with the disintegration of the neat
PHB. The dispersion of the CNCs in the matrix have been performed by
a combination of solvent casting procedure and subsequent manu-
facturing by extrusion and thermo-compression.
2. Experimental
2.1. Materials
Poly(3-hydroxybutyrate) (PHB) pellets (commercial grade P226)
with an average molecular weight of 426 KDa, a density of 1.25 g cm−3
and a melt ﬂow index of 10 g·10min−1 (measured at 180 °C with a load
of 5 kg) were supplied by Biomer (Krailling, Germany). Poly(ε-capro-
lactone) (PCL) in pellet form (commercial grade CAPA 6500) with an
average molecular weight of 50 KDa was provided by Perstorp Holding
AB (Malmö, Sweden). Chloroform (CHCl3,≥99%) was purchased from
Sigma Aldrich (Sigma-Aldrich, Germany). Pine cones (Pinus Pinea) were
collected from a local pine forest in Alicante (Spain).
2.2. Preparation and characteristic of pine cone cellulose nanocrystals
Pine cones were conditioned at 40 °C for 1 week and then were
grinded in a Wiley mill from Thomas Scientiﬁc (New Jersey, USA) and
subsequently sieved with a 20 μm mesh screen. Cellulose nanocrystals
(CNCs) were isolated from pine cone following the procedure described
by Moriana et al. [33]. In summary, grinded pine cone particles were
subjected to an alkaline and bleaching treatment to remove the amor-
phous components, such as lignin and hemicellulose. Then, the
bleached pine cones were hydrolysed with sulphuric acid (65 wt%) at
45 °C for 45min. The obtained suspension was washed with Milli-Q
water by using repetitive centrifugations with the following conditions:
10min at 13.000 rpms and at a temperature of 4 °C. After this stage, the
solution was dialyzed during 7 days with Milli-Q water with the aim of
removing the free acid until the wash water reached a constant pH. The
resulting CNCs shown a crystallinity index of 88.5%, an onset de-
gradation temperature (T0) of 150.3 °C, an average aspect ratio (L/D) of
113.4, an average diameter of 2.9 nm and a percentage cellulose of
97.8% [D. García-García, R. Balart, J. Lopez-Martinez, M. Ek, R.
Moriana, Optimizing the yield and physico-chemical properties of pine
cone cellulose nanocrystals by diﬀerent hydrolysis time, Cellulose,
2018]. Moreover, an ion exchange resin Dowex Marathon MR-3 (hy-
drogen and hydroxide form) was added to the cellulose suspension for
additional 48 h and the removed by ﬁltration with the main aim of
ensuring that all ionic moieties were removed except the H+ counter
ions associated with the sulphate groups attached to the CNCs surfaces
[11]. The resulting suspension was then sonicated using a Sonics Vibra-
Cell VCX 750 sonicator from Sonics and Materials Inc. (Connecticut,
USA) to promote CNCs dispersion and remove the remaining un-
hydrolyzed ﬁbers by centrifugation. The ﬁnal suspension containing
CNCs was neutralized by adding NaOH (0.25mol L−1) until pH of 9 was
reached. Finally, a freeze-drying process was carried out to obtain dry
CNCs.
2.3. Processing of PHB75/PCL25 ﬁlms with pine cone CNCs
Films of PHB75/PCL25 with diﬀerent CNCs loading (3, 5 and 7wt%)
were prepared by combined melting processing technologies. Table 1
summarized the composition of all the developed materials. The ﬁlms
were obtained by solvent casting, granulated/pelletizated and subse-
quently subjected to extrusion and thermocompression process. The
Table 1
Composition and codes for poly(3-hydroxybutyrate)/poly(ε-caprolactone)
(PHB/PCL) blend ﬁlms with pine cone cellulose nanocrystals (CNCs).
Coding PHB (wt%) PCL (wt%) CNC (wt%)
PHB 100 0 0
PHB75/PCL25 75 25 0
3% CNC 72.75 24.25 3
5% CNC 71.25 23.75 5
7% CNC 69.75 23.25 7
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solvent casting procedure was as follows: the speciﬁc amounts of both
PHB and PCL were weighed and dissolved in CHCl3 (1 g·25mL−1) by
stirring at 50 °C for 5 h until full dissolution was achieved; then, the
corresponding CNCs loads were dispersed in CHCl3 by using a Sonics
Vibra-Cell VCX 750 sonicator for 20min (5×4min) in an ice bath;
after that, the dispersed CNCs were mixed together with the PHB75/
PCL25 solution in CHCl3 and the mixtures were vigorously stirred for
1 h; and, ﬁnally, the mixture was maintained at room temperature until
CHCl3 was completely evaporated, followed by oven vacuum drying at
40 °C overnight.
To increase the CNCs dispersion in the PHB75/PCL25, the solvent
casting ﬁlms were reduced until reaching pieces of about 3mm and
subjected to a compounding process in a DSM Xplore Micro 5cc twin
screw microextruder from Xplore Instruments BV (Sittard, The
Netherlands) at 180 °C. The screw speed was set to 120 rpm and the
mixing time did not exceed 3min to avoid thermal degradation of PHB
and CNCs. Then, the material was discharged and cooled at room
temperature, pelletized and vacuum dried at 40 °C overnight. Finally,
the dry compounded material was compression molded to 100 μm ﬁlms
using a hot press Fontijne model TP400 (Barendrecht, The
Netherlands). The material was preheated up to 180 °C for 1min and
then, subjected to a pressure of 200MPa for 1 additional min. After this,
the obtained materials were cooled down to room temperature by
maintaining the compaction pressure.
2.4. Characterization techniques
2.4.1. Uv–vis spectrometry
The light transmission properties of the PHB75/PCL25 ﬁlms with the
diﬀerent CNCs loads, were measured in the 250–700 nm wavelength
range with a Shimadzu UV-2550 UV–Vis spectrophotometer from
Shimadzu Scientiﬁc Instruments (Columbia, USA). The software
UVProbe 2.0 was used to obtain and analyze the data. The measure-
ments were done in triplicate and the average of the three spectra was
obtained.
2.4.2. Static contact angle measurements
The static contact angle of neat PHB and PHB75/PCL25 ﬁlms with
diﬀerent CNCs loadings was obtained using a CAM 200 goniometer
from KSV Instruments (Helsinki, Finland) equipped with a Basler A602f
camera. The liquid for the contact angle measurement was Milli-Q
water and the volume of the droplets was 5 μL. Prior to contact angle
measurements, all samples were conditioned at 23 °C and 50% RH for
48 h. The static water contact angle was obtained using the CAM200
software applying the Young-Laplace ﬁtting method. All contact angles
were taken 5 s after the droplet was dropped into the ﬁlm surface. At
least, ﬁve diﬀerent measurements for each ﬁlm were obtained and
averaged.
2.4.3. Field emission scanning electron microscopy (FESEM)
Cross section of nitrogen cryofractured ﬁlms was investigated in a
ﬁeld emission scanning electron microscope (FSEM) ZEISS Ultra55 from
Oxford Instruments (Oxfordshire, United Kingdom) working at an ac-
celeration voltage of 2 kV. With the aim of providing electrical con-
ductivity to the polymeric samples, the fracture surfaces were coated
with a thin layer of platinum in a high vacuum sputter coater EM
MED20 from Leica Microsystems (Wetzlar, Germany).
2.4.4. Mechanical properties
Tensile tests on ﬁlms were carried out with an Instron 5944 machine
from Instron Ltd. (Norwood, USA) using a 500 N load cell. Film samples
with dimensions of 50×5mm2 were subjected to an initial gauge
length of 25mm and then, a crosshead speed was 2mmmin−1 was
applied to obtain the main tensile parameters: tensile modulus (Et),
tensile strength (σt) and elongation at break (εb). The thickness of the
ﬁlms was accurately measured with a Mitutoyo micrometer by taking
the average thickness of ﬁve diﬀerent areas of each ﬁlm. All the ﬁlms
were subjected to a conditioning stage at 23 ± 1 °C and 50% RH for
48 h prior to testing. Five diﬀerent replicates of each sample were tested
and the average values of the above-mentioned tensile properties were
calculated.
2.4.5. Thermal properties
Thermal properties of the ﬁlms were obtained by means of
Thermogravimetric analysis (TGA) and Diﬀerential Scanning
Calorimetry (DSC). TGA was conducted in a Mettler-Toledo TGA/DSC 1
thermobalance (Schwerzenbach, Switzerland) under nitrogen atmo-
sphere (the ﬂow rate was set to 50mLmin−1). The ﬁlms were cut into
small pieces (5–6mg) and were taken and placed into standard alumina
crucibles. A dynamic heating program from 30 °C to 750 °C at a heating
rate of 10 °Cmin−1 was applied. The onset degradation temperature
(T0) was assumed as the temperature at which, a weight loss of 5% with
regard the initial mass, occurs. The maximum degradation rate tem-
perature (Tmax) for each degradation stage was located at the corre-
sponding peak in the ﬁrst derivative curve (DTG). DSC measurements
were obtained in a Mettler-Toledo DSC 822e calorimeter
(Schwerzenbach, Switzerland). The tests were run under nitrogen at-
mosphere with a ﬂow rate of 50mLmin−1. In a similar way to sample
preparation for TGA, the ﬁlms were cut into small pieces and, ap-
proximately 4mg were placed in standard aluminium crucibles (40 µL).
The thermal program was as follows: a ﬁrst heating stage from −50 °C
to 180 °C was applied to remove the thermal history; then, an iso-
thermal stage at 180 °C for 1min was scheduled. After this, a cooling
process down to−50 °C was programmed and, ﬁnally, a second heating
stage from −50 °C up to 300 °C was applied. The heating/cooling rate
for all stages was set to 10 °Cmin−1. All DSC tests were run in triplicate
to obtain reliable results. The melt peak temperature (Tm) was taken
from the second heating stage and the degree of crystallinity (Xc) of
both PHB and PCL was calculated by following this equation:
= × ⎡
⎣⎢
⎤
⎦⎥
X H
H w
(%) 100 Δ
Δ ·c
m
0 (1)
where ΔHm stands for the thermodynamic melt enthalpy per gram, ΔH0
represents the theoretical melt enthalpy associated to the corresponding
100% crystalline polymer (these values were assumed to be 146 J g−1
[34] for PHB and 156.8 J g−1 [35] for PCL), and w is the weight fraction
of the corresponding polymer (PHB or PCL) in the blend.
2.4.6. Fourier transformed infrared spectroscopy (FTIR)
FTIR spectra of PHB and PHB75/PCL25 ﬁlms with diﬀerent CNCs
content were obtained at room temperature on a Perkin-Elmer
Spectrum 2000 FTIR instrument (Waltham, USA) equipped with a
single reﬂection attenuated total reﬂectance (ATR) accessory unit, with
a diamond ATR crystal Golden Gate from Specac Ltd. (Kent, England).
Each spectrum was acquired in the wavelength range of
600–4000 cm−1 from 16 scans with a resolution of 4 cm−1. All spectra
were ﬁtted to an automatic base line correction and normalized using
the Perkin-Elmer software Spectrum.
2.4.7. X-ray diﬀraction spectroscopy (XRD)
X-ray diﬀraction (XRD) characterization of PHB and PHB75/PCL25 of
ﬁlms was carried out using an X-ray diﬀraction on a Bruker CCD-Appex
apparatus equipped with an X-ray generator (Ni ﬁltered Cu-Kα radia-
tion) operated at 40 kV and 40mA. The samples were scanned from 5°
to 40° (2θ) at a scanning rate of 2° min−1.
2.4.8. Disintegration under composting conditions
The degradation rate under controlled compost soil of PHB and
PHB75/PCL25 blend with diﬀerent CNCs content was carried out as in-
dicated by ISO20200. Films were cut into squared shapes (25×25
mm2) with an average thickness of 100 μm. Initially, samples were
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dried overnight at 40 °C, weighed and subsequently, were buried at a
depth of 4–6 cm in a plastic reactor containing a solid synthetic wet soil
prepared with 40wt% sawdust, 30 wt% rabbit-feed, 10 wt% corn
starch, 10 wt% compost, 5 wt% sugar, 4 wt% corn oil and 1wt% urea.
Finally, distilled water was added to the synthetic solid waste to a 45:55
ratio. Samples were subjected to an aerobic degradation (disintegra-
tion) at a constant temperature of 50 °C in an air-circulating oven for a
total time of 70 days. Periodically, as recommended by the standard,
samples were extracted from the reactor, washed with distilled water,
dried at 40 ± 2 °C for 24 h and, ﬁnally, weighed at diﬀerent testing
times to follow the weight evolution during the disintegration process.
3. Results and discussion
3.1. Optical properties
Fig. 1a shows the visual appearance of the obtained ﬁlms over a
picture to see their transparency. All the developed ﬁlms show high
transparency as the lower logo can be clearly seen. Visually, there are
not signiﬁcant diﬀerences between the loaded or unloaded ﬁlms; only,
a slight change to dark tones can be detected in ﬁlms as the CNCs
content increases. UV–vis characterization was carried out to evaluate
the light transmission of the ﬁlms in the wavelength range comprised
between 250 and 700 nm. Fig. 1b shows the light transmission spectra
corresponding to ﬁlms of PHB75/PCL25 blend with varying CNC con-
tent. As can be seen, the blend PHB75/PCL25 shows the lowest trans-
mittance value at 700 nm (2.8%) which is directly relate to lower
transparency. Nevertheless, after the addition of CNCs to the PHB75/
PCL25 blend, the transmittance is noticeably improved, being the ﬁlms
with 3 wt% CNCs the ones that show the highest transmittance (17.8%).
This noticeable increment in the transmittance could be related to a
good CNCs dispersion and a good CNC/matrix interaction in the 3%
CNC ﬁlms. Seoane et al. [36] and Chen et al. [37] conﬁrmed how these
two phenomena contribute to lower light dispersion and, consequently,
enhancing the light transmission thorough the ﬁlm. On the other hand,
the lower transmittance of the 5%CNC and 7%CNC ﬁlms may be due to
formation of CNCs aggregates which contributes to poor dispersion and,
subsequently, the optical properties get worse [38]. However, the
transmittance values in the UV–Vis region for all the ﬁlms are lower
than 5%, giving evidence of the good UV barrier properties in com-
parison to other bio-based polyesters such as PLA [39]. The UV pro-
tection that the herein developed formulations oﬀer, together with the
high transparency after addition of 3 wt% CNC, could represent inter-
esting features for the food-packaging industry which requires both
properties: on one hand, food protection against light and, on the other
hand, good transparency to see the packaging content [40].
3.2. Wettability
The water contact angle values of ﬁlms were obtained to assess the
wetting behavior of the diﬀerent developed ﬁlms. Fig. 2 shows a bar
plot of the static water contact angle (θw) for all the developed ﬁlms. As
suggested by Vogler [41] θw values lower than 65° are representative
for a hydrophilic behavior while θw values over 65 °C stand for hy-
drophobic surfaces. PHB75/PCL25 , shows higher values of θw (80°) due
to the high hydrophobic nature of PCL [42]. The addition of CNCs in
the PHB75/PCL25 ﬁlms provides a progressive decrease in its surface
hydrophobicity as a function of the CNCs increment. This is evidenced
by a decrease in θw down to values of 72.3° for 7% CNC ﬁlms, and it is
directly related to an increase in the hydroxyl groups that CNCs provide
to ﬁlms [43]. As it can be outlined, addition of CNCs to the PHB75/
PCL25 ﬁlm does not aﬀect in a remarkable way to its hydrophobic
nature. This is an important feature for food-packaging industry where
food protection against moisture is needed during transportation and
storage [32].
3.3. Morphological properties
Field emission scanning electron microscopy (FESEM) of PHB75/
Fig. 1. (a) Visual appearance and (b) UV–vis spectra of PHB75/PCL25 ﬁlms with diﬀerent CNCs content.
Fig. 2. Contact angle measurement of PHB75/PCL25 ﬁlms with diﬀerent CNCs
content.
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PCL25 ﬁlms with diﬀerent CNC loadings was carried out on the cross-
section of ﬁlms to evaluate the morphology and analyze CNC dispersion
in the polymer matrix (Fig. 3). The fracture of the PHB75/PCL25 blend
(Fig. 3a) shows a typical droplet structure, speciﬁcally, spherical PCL-
rich particles can be clearly distinguishable as a randomly dispersed
droplet-like phase, indicating both polymers are immiscible [26]. On
the other hand, 3% CNCs ﬁlms show a homogeneous dispersion without
aggregates indicating the presence of CNCs enhances the compatibility
between the immiscible polymers, reducing the phase separation which
may contribute to improved mechanical properties. The ﬁlms with
higher CNCs loading (5 and 7wt%) display an increase in surface
roughness with irregular protrusions and holes, which are typical of
CNC aggregate formation. These aggregates can be observed in the
fracture surface in Fig. 3c and d. This may corroborate that higher CNCs
amounts in the PHB75/PCL25 blend leads to aggregate CNCs formation,
thus leading to a poor particle dispersion. These aggregates contribute
to a lack of continuity into the matrix, which may have a negative eﬀect
on stress transfer.
3.4. Mechanical properties
The mechanical properties of the developed ﬁlms with diﬀerent
CNCs loading are compared with those obtained for the PHB75/PCL25
blend (Table 2). The PHB75/PCL25 blend has a tensile strength of
14.7 MPa, a Young’s modulus of 949MPa and an elongation at break
close to 4%. These mechanical properties remain similar with the ad-
dition of 3 wt% CNCs. However, a signiﬁcant reduction in the standard
deviation of all parameters can be observed, which could be related to a
good CNCs dispersion which gives increased interface adhesion and,
subsequently, leads to more homogenous interactions between PHB and
PCL. Over this load percentage, both the tensile strength and elongation
at break signiﬁcantly decreases, whereas the young modulus increases
with regard to the PHB75/PCL25 blend. Therefore, the addition of 5%
and 7% CNCs in the PHB75/PCL25 resulted in a more fragile and stiﬀer
ﬁlm due to the presence of CNC aggregates. This poor dispersion of the
CNCs on the blend leads to a lack of continuity in the matrix with the
subsequent embrittlement and stress concentration phenomena [44].
3.5. Thermal properties
The eﬀect of CNCs addition on the thermal stability PHB75/PCL25
blends were studied by thermogravimetric analysis. Fig. 4 shows the
thermogravimetric (TG) and ﬁrst derivative (DTG) curves for all the
studied materials. PHB75/PCL25 blend is characterized by an onset de-
gradation temperature (T0) of 249.5 °C and displays two degradation
stages: the ﬁrst weight loss is directly related to PHB with a maximum
degradation rate (Tmax) of 233.5 °C; and the second stage is mainly
attributable to PCL degradation which a maximum degradation rate
(Tmax) of 249.5 °C [28]. Addition of CNCs to the PHB75/PCL25 blend
leads to a decrease in the thermal stability (Table 3). Speciﬁcally, the
onset degradation for the ﬁlms moves to lower values (229.5, 224.0 and
221.0 °C for the blends containing 3, 5 and 7wt% CNCs) that are more
similar to the PHB onset [26]. Moreover, a decrease in the maximum
degradation rate (Tmax) related to the PHB and PCL in the PHB75/PCL25
blend also occurs as a function of the CNCs content. This phenomenon
is related to the lower thermal stability of CNCs with a maximum de-
gradation rate located around 308 °C. Despite this low thermal stability
of CNCs, all reinforced blends showed enough thermal stability during
the diﬀerent manufacturing stages.
The eﬀects of CNCs on the crystalline phase (melting and crystal-
lization) of the thermoplastic blends (PHB75/PCL25) was followed by
diﬀerential scanning calorimetry (DSC). DSC curves corresponding to
the second heating cycle (after removing thermal history) of all the
developed materials are gathered in Fig. 5. The main thermal para-
meters obtained by DSC are summarized in Table 2. Due to the high
immiscibility between PHB and PCL, the melting processes of both
Fig. 3. Field emission scanning electron microscopy (FESEM) images of fracture surface of (a) PHB75/PCL25; (b) 3% CNC; (c) 5% CNC; and, (d) 7% CNC.
Table 2
Tensile properties of PHB75/PCL25 blends with diﬀerent CNCs content.
Sample Tensile Strength
(MPa)
Young's modulus
(GPa)
Elongation at break
(%)
PHB/PCL 14.7 ± 1.3 949 ± 90 3.9 ± 0.7
3% CNC 14.5 ± 0.7 902 ± 56 4.1 ± 0.4
5% CNC 9.3 ± 1.4 1066 ± 65 1.8 ± 0.9
7% CNC 6.5 ± 1.7 972 ± 96 0.4 ± 1.1
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polymers can be clearly seen in Fig. 5. The melt peak temperature for
PCL is located at 54.7 °C while the melt peak temperature for PHB is
around 169.5 °C [26]. After addition of CNCs to the PHB75/PCL25 blend,
important changes in the thermal transitions can be observed. The peak
related to the melting of PHB splits, leading to the formation of two
peaks. This eﬀect could be due to the heterogeneous nucleating eﬀect of
CNCs on PHB which, give rise to the development of PHB small crystals
with diﬀerent morphology compared to typical PHB crystals [45,46].
Therefore, the presence of multiple PHB melting peaks may be related
to the formation of a diﬀerent crystal structures [47]. The melt peak
temperature and crystallinity decreases with increasing CNCs content in
the ﬁlms, indicating imperfect crystals leads an easier and faster
melting of the PHB as the content of CNCs increases [48]. According to
Yu et al. [46] CNCs may modify chain diﬀusion and folding during
polyester spherulitic growth due to hydrogen bonding interactions be-
tween CNCs and polyester matrix, resulting in a decrease of crystal-
linity. Therefore, the larger CNCs content in the ﬁlms could provoke
larger number of hydrogen bonding interactions and lower crystallinity.
On the other hand, CNCs do not aﬀect in a remarkable way to the PCL
crystallinity as previously reported by Mi et al. [8].
3.6. Chemical structural properties
The infrared spectra of PHB75/PCL25 blend and its ﬁlms with dif-
ferent CNCs loads are gathered in Fig. 6. The PHB75/PCL25 spectrum
shows the characteristic bands of both PHB and PCL: the broad band at
3000–2900 cm−1 which is assigned to eCH3, asymmetric eCH2e, and
eCH2e symmetric stretching vibrations [6]; the peak located at
1720 cm−1 which is directly related to the ester carbonyl C]O [49];
the peak located at 1280 cm−1 which is attributed to CeO stretching
[50]; the peak around 1165 cm−1 which is attributed to C-O-C
stretching [42]. After CNC addition to the PHB75/PCL25 blend, an in-
crease in the intensity of the hydroxyl absorption band
(3400–3200 cm−1), speciﬁcally is clearly detected as a function of the
CNCs loading [32]. It is also possible to observe an increase in the peak
intensity at 2940 cm−1 which is related to the>CHe vibration con-
tribution of CNCs [51]. Two additional peaks at 1420 cm−1 and
1370 cm−1 can be clearly identiﬁed in the FTIR spectra of PHB75/PCL25
blends with the diﬀerent CNCs load. The ﬁrst one, located at
1420 cm−1 is related with the bending vibration mode of hydroxyl
group [51] while the other one, around 1370 cm−1 stands fort the
eCeH bending from the crystalline region of cellulose [49].
The eﬀect of CNCs on the decrease in the PHB crystallinity can be
detected by FTIR as the typical peaks/bands of the crystalline PHB re-
gions (980, 1228, 1276 and 1720 cm−1) are less intense [49,52]. On the
other hand, the intensity of the peak located at 1740 cm−1, related to
carbonyl groups in PHB amorphous regions, is more intense and
therefore the carbonyl region become broader with the addition of
Fig. 4. Thermal degradation of PHB75/PCL25 ﬁlms with diﬀerent CNCs content, (a) TG weight loss and (b) ﬁrst derivative DTG curves.
Table 3
Main thermal parameters of neat PHB and PHB75/PCL25 blend with diﬀerent CNCs content.
Samples DSC Parameters TGA Parameters
Tm PCL (°C) ΔHm PCL (J g−1) Xc PCL (%) Tm PHB (°C) ΔHm PHB (J g−1) Xc PHB (%) T0a (°C) Tmax PHB (°C) Tmax PCL (°C)
PHB – – – 167.4 −74.8 51.3 233.5 267.0 –
PHB/PCL 54.7 −67.8 43.2 169.5 −67.3 46.1 249.5 277.5 409.5
3% CNC 54.8 −65.2 41.6 161.7/168.0 −66.8 45.7 229.5 257.0 401.5
5% CNC 53.0 −66.3 42.3 151.7/160.1 −59.9 41.0 224.0 251.0 398.0
7% CNC 52.4 −68.0 43.4 147.1/156.8 −55.7 38.2 221.0 251.0 393.0
a T0, calculated at 5% mass loss.
Fig. 5. DSC thermograms of the second heating cycle of PHB75/PCL25 blend
with diﬀerent CNCs content.
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CNCs (Fig. 6b). These results proved the formation of hydrogen bonding
interactions between OH groups of CNCs and C]O groups of PHB75/
PCL25 blends [53]. These hydrogen bonding interactions may hinder
the diﬀusion rate and folding of crystalline polyester chains, resulting in
a slight decrease of crystallinity [46]. Therefore, the CNCs addition on
the PHB75/PCL25 decreases the PHB crystallinity values as shown in
DSC analysis.
Fig. 7 shows the XRD diﬀractograms of PHB75/PCL25 blends with
diﬀerent CNC loads and compared them with the un-reinforced PHB75/
PCL25 blend. The PHB75/PCL25 blend shows the characteristic peaks of
both polymers. A typical XRD diﬀractogram of PHB shows a series of
characteristic crystallinity peaks at 2θ=13.5°, 16.9°, 20.1°, 21.4° 22.5°,
25.1° and 28.6° which correspond to the reﬂection planes (0 2 0),
(1 1 0), (0 2 1), (1 0 1), (1 2 1), (0 4 0) and (0 0 2) characteristics of the
orthorhombic unit cell of PHB [53–55]. On the other hand, the typical
XRD peaks of PCL are located at 2θ=21.4° and 2θ=23.7°. These two
peaks are directly related to the main reﬂection planes of PCL, namely
the plane (1 1 0) and (2 0 0), typical of the orthorhombic unit cell of
PCL [54,56]. In general, after the addition of CNCs, no signiﬁcant
changes can be detected, being all the XRD spectra similar to those of
the PHB75/PCL25 blend. Despite this, a slight decrease in the intensity of
the typical diﬀraction peaks corresponding to planes (0 2 0), (1 1 0) and
(0 0 2) of PHB crystals can be detected which is representative for the
slight decrease in crystallinity suggested by both DSC analysis and FTIR
characterization. CNCs also aﬀect the crystal structure of the base
polymers in the blend. It is possible to detect an increase in the intensity
of the peak located at 2θ=22.5 (clearly distinguishable for composites
with 7 wt% CNCs) as this peak is characteristic of the diﬀraction pattern
of cellulose [57].
3.7. Disintegration under composting
The visual appearance of neat PHB and the PHB75/PCL25 blend with
diﬀerent CNCs loads during the disintegration test in controlled com-
post soil can be seen in Fig. 8a. Fig. 8b shows in a quantitative way the
weight loss evolution during the disintegration test in terms of in-
cubation/disintegration time. The line at 90% weight loss, stands for
the goal of disintegrability as indicated in the corresponding standard
[32]. It is possible to conclude that all the developed materials, start
losing mass after the ﬁrst day. The disintegration rate of neat PHB has
been also studied with the aim of evaluating the inﬂuence of the PCL on
the biodegradability of the PHB. As can be seen, neat PHB oﬀers the
highest weight loss during the ﬁrst 10 incubation days; nevertheless, it
becomes highly brittle after 28 days incubation time and reaching 90%
weight loss at 53 days. PCL is more resistant to disintegration than PHB.
For this reason, PHB75/PCL25 blend show increased degradation time.
Speciﬁcally, this blend becomes highly brittle for an incubation time of
49 days while a 90% weight loss is reached after 67 days which re-
presents a degradation time two weeks later than neat PHB. This is
attributable to the lower disintegration rate of PCL compared to PHB
Fig. 6. (a) FTIR spectra diﬀraction patterns of PHB75/PCL25 blend with diﬀerent CNCs content. (b) FTIR spectra magniﬁcation in the wavelength between 1660 and
1780 cm−1.
Fig. 7. X-ray diﬀraction patterns of PHB75/PCL25 blend with diﬀerent CNCs
content.
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[29]. CNCs have a positive eﬀect on enhancing disintegration. In fact,
all the ﬁlms with CNCs become highly brittle (see Fig. 8a) at about
14 days and a disintegration level of 90% is reached after 47, 41 and
40 days for blends containing 3, 5 and 7wt% CNCs respectively. This
increment in the degradation rate could be related to the hydrophilicity
of the PHB75/PCL25 blend after the addition of CNCs as it was pre-
viously observed by contact angle measurements (Fig. 2a). This hy-
drophilicity provided by CNCs favour disintegration of PHB by an hy-
drolysis process in which, high molecular PHB chains hydrolyse to form
low molecular weight chains [58]. On the other hand, the decrease in
the disintegration time in all blends with CNCs is also aﬀected by the
crystallinity degree since crystalline regions are more resistant to hy-
drolysis [40]. In accordance with the change in crystallinity observed
by DSC, FTIR and XRD, presence of CNCs contributes to reduce the
crystalline regions in the thermoplastic blend and this has a positive
eﬀect on enhancing the disintegration rate.
4. Conclusions
Diﬀerent amounts of cellulose nanocrystals (3, 5 and 7wt%) ob-
tained from Pine Cone by acid hydrolysis were successfully in-
corporated into PHB / PCL blends (75/25) by solvent casting followed
by extrusion and thermocompression. In the present work the reinfor-
cing capability of diﬀerent amounts of CNCs on the mechanical,
thermal, chemical, morphological, optical and wettability properties of
PHB75/PCL25 blends has been studied. The incorporation of low
quantities of CNCs (3 wt%) to the blend of PHB75/PCL25 gives a good
dispersion and improves the interfacial adhesion between both poly-
mers, considerably improving the transparency of the ﬁlm without af-
fecting the mechanical properties. Higher amounts of CNCs (5 and 7wt
%) tend to form aggregates, resulting in a loss of transparency and
poorer mechanical properties that the unreinforced PHB75/PCL25 blend.
The incorporation of CNCs in the blend also causes an increase in
wettability, due to the hydrophilic character. The disintegration test
demonstrated that the incorporation of CNCs to PHB75/PCL25 blend
accelerates considerably the disintegration process with respect to the
unreinforced blend, obtaining a faster disintegration as the content of
CNC increases. The results obtained show how the best balance be-
tween mechanical, thermal, optical and disintegration rate properties is
obtained after the incorporation of a 3 wt% CNCs.
Some of the results obtained in the present work, such as the high
transparency level and the high degradation rate of PHB/PCL ﬁlms after
addition of 3 wt% CNC, together with a high hydrophobicity, good UV
barrier properties and balanced mechanical properties, give interesting
applications to these materials in the food-packaging industry.
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